We construct a family of optical ring lattices that manifest the quasi-nondiffracting property via superposition of high-radial-order Laguerre-Gaussian beams. A theoretical derivation of the optical ring lattice along with the validity condition is presented, and its evolution behaviors are investigated in comparison with the diffraction-free Bessel beams. Moreover, multiple ultralong bright channels or optical tubes with various transverse profiles can be formed with the ring optical lattices. As a proof of concept, flexible generation of the lattice beams was demonstrated by complex wavefront engineering using a binary digital micromirror device. We anticipate that the quasi-nondiffracting ring lattices and the ultralong optical channels might motivate novel applications in optical trapping and high-resolution microscopy.
Introduction
Laguerre-Gaussian (LG) beams [1] have been widely applied in optical manipulation [2] , optical communication [3] , nanophotonics [4] , and sensing [5] benefiting from their orbital angular momentum (OAM) carrying properties. Meanwhile, the LG superposition modes, including optical ring lattices, Ferris wheels [6] and bottle beams [7] , start to draw people's increasing interest. These modes exhibit unique structures, properties and propagation behaviors, enabling applications such as detection of a spinning object [8] or tweezing atoms and Bose condensates (BECs) [9] . Specially, the ring optical lattice [10] is uniquely positioned for studies of ultracold atom trapping where holographic techniques are usually adopted for trap modulation [11] - [13] . In 2007, Arnold et al. created a ring optical lattice by two copropagating LG beams with different topological charges, and it was capable of trapping ultracold atoms in red or blue detuned light [6] . From then on, people start to pay attention to the properties of lattice beams and the effect on guiding atoms. For example, S. M. Baumann studied the rotation of the off-axis beam with propagation in free space caused by the Gouy phase [14] . Translation of the intensity profile can be exploited to exert a controllable motion to the trapped atoms. Arnold et al. proposed a new method to extend the dark optical trapping geometries by counter-propagating interference of LG beams [15] . This scheme has been used to produce rotating helical optical tubes or bright channels that can act as an optical atomic conveyor [16] . However, the existing ring lattice beams constructed by the superposition of LG beams are diffracting in nature. It limits the depth of focus of the optical tubes or channels formed, which will deteriorate its performance in accelerating and guiding ultracold atoms.
It is well known that the Bessel beam [17] and the Airy beam [18] are typical diffraction-free beams that also show self-healing property. Interestingly, the self-healing behavior has been observed for the optical ring lattices in the experiment [19] . Naturally, we will ask a question whether the optical ring lattice is able to show some non-diffracting behaviors under a certain physical situation. A recent research [20] reveals that, by imposing the right conditions, the LG beams could propagate quasi-nondiffracting beams like Bessel beams within the same conical volume of existence of Bessel beams. Inspired by this point, we construct a novel kind of ring-shaped optical lattices exhibiting quasi-nondiffracting behaviors by superposition of LG beams with large radial index. In free space, such ring optical lattices are able to create ultralong bright channels or optical tubes that may offer new perspective for optical manipulation of atoms.
By comparing with Bessel beams, the propagation behaviors of the ring optical lattices were investigated via simulation. Furthermore, we experimentally shaped the lattice beams by complex wavefront engineering using a digital micromirror device (DMD) and characterized their propagation behaviors. The three-dimensional structures of the lattice beams were then reconstructed exhibiting ultralong optical tubes or bright channels. Furthermore, we generated various optical channels with different transverse distributions by different combinations of LG modes. These non-diffracting lattice beams with an extended depth of focus may open up new prospective for applications in lattice light-sheet microscopy and moving microscopic objects.
Theory
LG modes are solutions of the paraxial diffraction equation, and their complex amplitude under cylindrical coordinates reads [21] 
where
A 0 is the amplitude, ω 0 is the beam waist at z = 0, k is the wavenumber, and L D is the Rayleigh range of the Gaussian envelope. L |m| n is the associated Laguerre polynomial with n and m as the radial and azimuthal indices, respectively.
In general, the LG beams share the similar diffraction behavior with the Gaussian beam due to their Gaussian envelope indicated by Eq. (2). However, sometimes they show a different behavior, and it depends on the physical situation. For instance, if the radial index n 1, the complex field of LG beams at z = 0 plane can be deduced as [20] 
where A Theoretically, the range of an ideal Bessel beam tends to be infinite. Whereas, the rings in a high-radial-order LG Beam with pair indices m and n are confined within a disk with a radius of R = ω 0 √ 2N [22] . Here, we use this radius to truncate the transverse distribution of the Bessel beam, and compare the propagation behavior of LG beams within the same conical volume of existence of Bessel beams. Since the Bessel beam can be considered as a set of waves propagating on a cone with angle of θ, the maximum non-diffraction distance of the truncated Bessel beam can be calculated with
This relation shows that the maximum propagation distance of a Bessel Beam is practically identical to the diffraction length of a LG Beam under the similar circumstances. Note that the distance L D defines the space within which the LG Beam can be considered quasi-nondiffracting, resembling the Bessel beam [20] .
As an example, we first numerically studied the propagation behavior of a L G Fig. 1 . The transverse and longitudinal coordinates are normalized to ω 0 and L D , respectively. At z = 0 plane, the transverse intensity profiles of two beams coincide very well especially in the central part of the disk with a radius of 2ω 0 containing the first n/2 rings. It can be verified via the x-axis intensity profiles, as shown in Fig. 1(e) . In addition, the x − z intensity distributions of two beams were calculated and are presented in Figs. 1(b) and 1(d) . We marked the triangular region of the existence of Bessel beam as well as the external hyperbola of the LG beam with white dashed lines. It can be observed that the LG beam shares almost the same conical region of existence with the truncated Bessel beams. Then the on-axis intensity distribution was analyzed, and is presented in Fig. 1(f) . It can be seen that the normalized intensity of Bessel beam at z = L D decays to less than 0.25, while that of LG beam decays to about 0.5. At the region of z < 0.9L D , the intensity of the LG beam is comparable to that of Bessel beam. Therefore, the LG beams with a large radial index are found to resemble the Bessel beams, manifesting the behavior of quasi-nondiffraction.
Inspired by this point, here we construct a new kind of ring-shaped optical lattices exhibiting quasi-nondiffracting property by superposition of high-radial-order LG beams. It has been Figs. 2(a) and 2(c), containing 2|m| intensity petals along the azimuthal direction [19] . As demonstrated in Fig. 2(e) , the superposition modes have the similar intensity distribution within the central part, just like the individual mode's performance. The propagation of the central ring lattice along z-axis forms multiple bright channels with extended depth of focus. The length of the ultralong optical channels formed by superposition LG modes is comparable to that of Bessel beams, whose central triangular regions of quasi-nondiffracting (dashed lines) are shown in Figs. 2(b) and 2(d) . In addition, their normalized intensity distributions of the bright channels along z-axis were compared and are shown in Fig. 2(f) . We note that from z = 0 plane to z = L D plane, the intensity of the optical channel constructed by LG beams decays to about 0.5, while the intensity of the bright channel created by truncated Bessel beams decays to less than 0.3. The findings show that we can construct quasi-nondiffracting ring optical lattices with LG beams, and ultralong bright channels can be formed with such ring optical lattices that are distinguished from the previously reported ones.
Experiment
As a proof of concept, the flexible generation of the ring lattice beams were demonstrated by complex wavefront engineering using a binary DMD. A programmable DMD is able to switch at rates up to 32 kHz, enabling dynamic wavefront shaping and various applications in beam optics [23] - [25] . Here we adopt a super-pixel method to fully engineer the spatial amplitude and phase of an incident beam using a binary DMD (1920 × 1080 pixels resolution, ALP 4395, Vialux) combined with a low pass filter [26] , [27] . The experimental setup is sketched in Fig. 3 . A laser beam (λ = 632.8 nm) was expanded by a telescope (L 1 and L 2 ) and steered to fully illuminate the surface of the DMD. Then, a binary amplitude hologram (the inset) designed by the super-pixel method was projected onto the DMD to shape the desired field. A 4f configuration consisted by L 3 (f 3 = 300 mm) and L 4 (f 4 = 100 mm) and a low pass filter were used to select the first-diffraction-order beam. Then we could obtain the desired field at the image plane and observe the field evolution along the propagation direction with a moveable CCD camera (D752, PixeLINK).
A quasi-nondiffracting L G along the light propagation direction (L D = 232 mm in the experiment). Based on the recorded images, the x-z intensity distribution [ Fig. 4(f) ] for the generated lattice beam was reconstructed, from which the normalized intensity of bright channels (blue line) versus propagation distance was calculated, as illustrated in Fig. 4 (e) together with the theoretical one (red line). According to the theory above, the results show that a quasi-nondiffracting beam with a ring lattice profile was generated. In addition, the 3D view of the optical field derived from the stack of images is also presented in Fig. 4(c) , which manifests the ring lattice beam is able to naturally create ultralong bright channels over propagation. The structure of lattice beam within the central region is found to be stable along with propagation, and this is a direct indication of its quasi-nondiffracting behaviors.
Here in above, it has been demonstrated that ring-shaped bright channels can be constructed by superposition of LG beams with opposite topological charges. Whereas, ultralong optical tube can also be created with quasi-nondiffracting LG beams, as illustrated in Fig. 5(b) . Such a ring lattice beam is constructed by the superposition of two modes of L G 1 12 and L G −7 9 . Its transverse profile is shown in Fig. 5(a) , exhibiting a petal-like structure with a single ring in the center. Furthermore, ring lattice beams with various transverse profiles can be constructed. It benefits from the fact that LG mode has two independent parameters (n, m) that decide its field distribution. Thus, we can design the transverse profiles of lattice beams by choosing arbitrary combination only if the individual parameter pairs satisfy the same N which equals to n + (|m| + 1)/2. As an example, in , and L G 7 9 . Note that the DMD is capable of fast switching among various ring lattice beams, which may benefit dynamic application scenes such as imparting a global motion to the trapped atoms. Thus, our method provides high flexibility in the generation of ring-shaped optical lattices.
Conclusion
In summary, we have exploited the unique properties of high-radial-order Laguerre-Gaussian (LG) beams to construct optical ring lattices that manifest diffraction-free behaviors. The quasinondiffracting lattice beams are able to form multiple optical channels or tubes naturally with extended depth of focus. Their evolution behaviors were studied by comparison with Bessel beams. To verify the theoretical predictions, a flexible DMD-based scheme was employed to generate the ring optical lattices with different transverse distributions. Furthermore, ultralong optical channels and tubes were reconstructed experimentally. Our work brings new perspective for LG beams, and the generated optical ring lattice with distinct propagation property may find potential applications in optical trapping or high-resolution microscopy.
